Abstract-We present a physically-based animation method for simulating the diffusion of water pollutant in this paper. Our method allows animating the dynamic evolution of biological pollutants (e.g., water hyacinth, algae) on largescale water surface effectively. To enable the simulation of such a phenomenon in large scale virtual environment, we simplify the problem by considering the water pollutants as large patches or clusters of aquatic plants rather than each single aquatic plant. Since there exits obvious interface between the large patches of pollutants and the water surface, we model the evolution of the interface in our approach. We use 2D dynamic curves to represent the interface and the diffusion of the water pollutants can be regarded as the dynamic evolution and propagation of 2D curves. To alleviate the topological changes of 2D curves, we adopt a physically-based 2D level set model to animate the evolution and propagation of the interface. We build a level set equation to model the evolution of the interface. In addition, to handle the large scale virtual environment correctly in our physically-based level set model, an imagebased 2D voxelization method is proposed in the paper. In the voxelization method, the virtual environment will be converted to boundary conditions when solving the level set equation. Finally, the water pollutants diffusion phenomenon is simulated on large scale water surface by merging the interface animation results as well as the large scale virtual environment. Animation results about the algae propagation phenomenon in Taihu Lake show that our method is intuitively to be implemented and very convenient to produce visually interesting results.
I. INTRODUCTION
Water pollution has become a global problem of our modern society. Biological pollution, as a common phenomenon of water pollution, has caused tremendously harm to the ecological stability of lakes and rivers all over the world. The wastes from industry, agriculture and even sewage treatment accelerate algae and water hyacinth growth, which ultimately results in exponential growth of water pollution (as shown in Figure 1 ). Thus, it is very important to carefully manage the water quality by study the phenomenon of aquatic plants diffusion.
However, modeling for the diffusion of aquatic plants on large-scale water surface is a challenging issue. Since these diffusion scenarios often occur in wide variety of contexts such as feature films, cartoons, games and propaganda on environmental protection, animation of the water pollutant diffusion can provide the intuitionistic information for the management of the water quality.
In the literature of water animation world, very few literatures focus on animating the water pollution phenomenon. Shi et al. take the first step toward the rendering of such phenomenon [1] . In this work, they take the optical properties of polluted water into consideration. A method is provided to obtain the optical properties which generally vary with the concentrations of pollutants. The proposed method focuses on underwater phenomenon and produces interesting results by employing the rendering techniques. In other works, the propagation phenomenon on water surface is considered as well as large-scale virtual environment. To animate texture advection on the water surface, Mihalef et al. propose the Marker Level Set (MLS) method. MLS mainly handles the dynamics of a liquid and its surface attributes [2] . In this method, surface markers are used to track the surface of the liquid. Then, MLS can handle the non-diffusively surface texture advection with these surface markers. The methods mentioned above are all physics-based. However, the costly overhead makes it virtually impossible to simulate the biological pollution phenomenon on large-scale water surface.
To address this problem, we propose an approach for animating the diffusion of biological pollution (e.g., algae, water hyacinth etc.) on large-scale water surface. In our method, we consider the dynamic evolution and propagation of interface between biological pollutants and the water surface. To this end, we use some assumptions and simplifications. In this paper, we only focus on the clusters or large patches of biological pollutants rather than each single aquatic plant. We build a physically-based 2D level set model to represent the interface. In order to set the boundary condition for the 2D level set model, we also present a 2D voxelization method in this paper. The method obtained the voxelization results from the top-view of the 3D virtual environment. Finally，we implement our method in the cases of algae diffusion in Taihu Lake. The results show that our method can animate the diffusion phenomenon of water pollutants effectively. The contributions of this paper are listed as follows.
(1) We present an animation method for simulating the evolution and diffusion of water pollutants in large-scale virtual environment.
(2) We give some assumptions and simplifications to enable the large-scale animation and build a physicallybased diffusion model to animate the diffusion phenomena of water pollutants. The diffusion model is built upon 2D level set equation and can dynamically evolve the interface between biological pollutants and water surface effectively.
(3) We present a 2D voxelization method to provide the boundary condition for the 2D level set diffusion model so that the interface can correctly evolve in largescale 3D virtual environment.
II. RELATED WORK
Diffusion phenomenon has been extensively investigated in computer animation in the past decades [3] [4] [5] . For example, in [3] [4], the authors animate the fluid propagation in virtual 3D environment. In [5] , Auer et al. animates the flow propagation on dynamic surfaces. These methods are all are physics-based and provide nice visual effect. However, it is hard to execute the largescale animation for these methods. The reason is that the computational resources are relatively limited compared with the increasing animation scale. The costly overhead makes it impossible to get the animation results.
The particle level set method is the most common method to animate water diffusion phenomenon in fluid animation world. With this method, the dynamical water surface can be represented. In addition, faster methods are proposed to animate water diffusion in rivers and oceans [7] [8] . Furthermore, some researchers present fluid control methods to guide the direction of water diffusion [9] [10] [11] . For example, in [9] , the particle-based control method is used to account for the water propagation. They define the external forces for control particles via shape difference and velocity difference. In [10] and [11] , Zhang et al. also control the propagation of the liquid motion by transportation method or two-layer model. In addition, GPU based methods are also presented to speed up the computation of the physically based model in fluid animation [12, 13] . However, these methods haven't taken the propagation of the objects on liquid surface into consideration. Moreover, these physics-based methods are too expensive to be used in large-scale animation.
Large-scale water animation is gaining growing attention recently. A large amount of work has been done for it such as the FFT based empirical and mathematical description of the water surface [14] [15] [16] [17] . In these methods, the water surface are represented by a height field that formulated by FFT. In addition, Perlin noise is also involved to get the height field representation of water surface [17] . These methods play an important role in large-scale water surface animation. However, the propagation of the objects on liquid surface has not been considered.
Our work has a close relation with [1] and [2] . Shi et al. [1] render rendered the polluted water while Mihalef et al. [2] animates the texture advection on liquid surface. However, the method in [1] is not suitable for animating the evolution and propagation of the biological pollutants on large-scale water surface since it focuses on the rendering model of the polluted water and simulates the under water pollution phenomenon. As for the method in [2] , it is also infeasible for large-scale animation because of the costly overhead of the physically-based animation.
To address the above problems and achieve the goal of this paper, we present an animation method for simulating the evolution and diffusion phenomenon of biological pollutants on large-scale water surface. Our method can animate large-scale phenomenon and produce the interesting diffusion and evolution results on water surface.
III. OVER VIEW
The goal of this paper is to allow animators to obtain interesting results of biological pollutants propagating on large-scale water surface. To achieve this goal, we introduce some assumptions and simplifications in this paper. Under these assumptions, we only focus on the large patches of biological pollutants and model the dynamic propagation of the interface between the pollutants and water surface. It can well represent the dynamic evolution of water pollutants effectively. Our method is performed in three steps as shown in Figure 2 .
In the first step, we pre-process the 3D virtual environment in order to provide boundary condition for the physically-based diffusion model. Since we focus on animating large-scale water pollution, the pre-processing step should manipulate the large 3D virtual environment effectively. To this end, we propose an image-based voxelization method to get the boundary condition for computation. The voxelization method handles the top image of the 3D virtual environment and outputs the voxelization function for each grid cell in the computational domain. Next, we build a physically-based diffusion model to animate the evolution of the water pollutants in large scale virtual environment. The model uses 2D level set equation to represent the dynamic evolution of the pollutants interface. In the 2D level set equation, we consider both the diffusion of the pollutants and the drifting motion of the pollutants. The physically-based diffusion model allows us to animate the large-scale water pollution with high degree of visual realism effectively. The level set equation is solved according to semi-Lagrange method and the boundary condition of the equation is set according to the voxelization results obtained from the last step. Note that, if we capture the diffusion velocity and the drifting velocity of water pollutants, the method can also be used to visualize the pollution phenomenon in applications.
Finally, we render the obtained data to get the visualization result of the dynamic diffusion. The pollutants diffusion images are merged with the virtual environment. As shown in Figure 2 , the final animation results contain two unique parts, the virtual environment and the dynamic diffusion of the water pollutants respectively.
IV IMAGE-BASED VOXELIZATION METHOD
As an essential condition in water diffusion animation, the environment boundary should be correctly defined. To achieve this, we employ the voxelization technique. Since we only consider the diffusion phenomenon on water surface, we can make the top view image (the view that shows water surface) of the 3D virtual environment as the input. In this paper, we propose an image-based 2D voxelization method to get the voxelization results.
In traditional voxelization method [18] , the continuous geometric representation of the object (e.g. 3D mesh model) is converted to a set of voxels that best approximates the object as shown in Figure 3 . The generated data base of the discrete digitization of the object will be used for setting boundary condition in next section.
Intuitively, a proper voxelization results contains all voxels that are occupied (totally or partially) by the model. In this paper, we focus on the patches that composed by biological pollutants and the patches are evolving on the water surface. As a result, we only consider the subsurface composed by the water surface. So the 3D voxelization problem is converted into a 2D one in this paper. We compute a voxelization function for each grid cell in our computational domain according to our 2D voxelization method.
Our voxelization process can be divided into two steps. In the first step, we rotate the 3D model to the top view of the virtual environment which can show the water surface well. Then, the Grabcut [19] method can be introduced to get the segmentation results since the water surface shows different color from the remaining part. As we can see in Figure 4 , the foreground and background pixels are correctly segmented. The image is also colored by white and black color which denotes the water region and the obstacles respectively. So far, we can get the input image of the top view.
In the second step, we calculate the voxelization function. We define the grid resolution of the computational domain D as . With the mapping between the computational domain and the input image, we can compute the voxelization value for a specific grid cell.
To determine the voxelization result of each cell in the computational domain, we first calculate the proportion of background pixels in the pixel patch. If more than half of the pixels in the patch belong to background, we tag the cell as an occupied cell. It denotes that the cell is occupied by the virtual environment. So, ( ) , F x y for each cell can be computed by
where T(i, j) is defined in equation ( 
V DIFFUSION MODEL OF THE POLLUTANTS

A. Physically-based Level Set Model
To model the diffusion phenomenon on large-scale water surface, some assumptions and simplifications are given as follows.
We assume that the diffusion of biological pollutants is viewed in the distance. It is reasonable because we are more interested in the global distribution and evolution of the biological pollutants. As a result, we can assume that the water surface is a static plane. In addition, we only focus on the biological pollutants that dynamically evolved on water surface rather than underneath. Biological pollutants are composed by aquatic plants (e.g., algae, water hyacinth etc), so there exists an obvious interface between the pollutants and water (see Figure 6) . As a result, we model the evolution and diffusion of the interface to simplify the problem in this paper.
We adopt a physically-based method to simulate the evolution and diffusion of the water pollutants. To this end, we use the isocontour ( It points to the normal of the interface and denotes the extension velocity of the plant growing. The normal of the interface can be approximated easily since we use the implicit functionφ to represent it. Here, we denoted it as
. a u is the advection velocity which represents the biological pollutants floating on the water surface. Figure 7 shows the diffusion results of water pollutants with different settings in equation (4) . In Figure 7 water pollutants and a u controls floating phenomenon of the pollutants.
B. Solve the Level Set Equation
Equation (4) is essentially an advection equation and we use semi-Lagrange advection method to solve it. In the equation, the implicit function value of each grid point is moved with the velocity field. As shown in the left image of Figure 8 , the value φ on the advection path is unchanged during animation. So we can trace the value back along the path to compute the implicit function value of current grid point. Let x be the grid position in current step and 
where t t + Δ is current time step, t is the last time step,
x is the grid position in current step and denotes the position that the current grid point locates in the last time step.
C. Setting the Boundary Condition
The above subsection only considers what's happening in the interior of the computational domain. To solve equation (4) correctly, we are also required to consider the boundary condition because we simulate the phenomenon in a virtual environment. So we consider the solid wall boundary condition for computing the diffusion of the pollutants. Setting the solid wall boundary condition is necessary because we assume that the pollutants will not be flowing into the solid or out of it. According to the boundary condition of the solid wall, the velocity of the pollutants diffusion should be constrained by
where u is the diffusion velocity of water pollutants in equation (4), n is the normal of the solid wall, solid u is the velocity of the solid wall.
When setting boundary condition for equation (4), we first let In the first case, we consider the grid cells that locate in the interior of the solid wall. In this condition, we set the velocity value for a grid cell ( ) 
then we can conclude that the cell ( ) In the second case, we consider the grid cells on the boundary of solid wall. This is the toughest part in boundary setting operation. In this condition, ( ) 
To set boundary condition, we consider the normal component· N = u u n and the tangential component (6) . Specifically, Figure 9 gives an example. The solid wall After obtaining the interface evolution results, we rendered it to an image with alpha channel. Note that the uncovered region of the water surface is set transparency in the image while the other region is set with a predefined texture (or color). Finally, the image that contains transparency information will be used as the 2D texture when rending the diffusion results.
VI RESULTS
We give an example of algae diffusion in this section. All the results in this paper are gathered on a PC with 2.6 GHz Intel Core 2 Duo CPU and 2GB memory. The 3D virtual environment is rendered using Povray library, which is available from http://www.povray.org/. Figure 10 shows a sequence of animation results. The virtual 3D environment is built from GIS information of Taihu Lake. The diffusion of the biological pollutants is computed from the 2D level set equation. To make the computational domain in an available size, we set the 2D grid resolution as 0 1000 100 × . We set 0.02 n = u and 0.001 a = u in this example. The voxelization result is used as boundary condition in this example. We can see that when the interface propagating, it can avoid solid obstacles (e.g., island) well. By adjusting the value of n u and a u , we can get more interesting results. For example, increasing n u means that the biological plants grow at a higher speed.
In addition, if we collect these data from sensors, we can animate the results in more practical applications. For example, by visualizing the diffusion phenomenon of algae, appropriate method can be taken to prevent algae from growing in lake.
Our diffusion model can also be used in scientific analysis if we collect these data from sensors. It can be easily implemented by replacing the velocity n a = + u u u with the collected data. Specifically, n u can be replaced by the obtained growing velocity of algae and a u can be replaced by the measured wave velocity.
VII CONCLUSIONS
Biological pollution is frequently appeared in our world, and the wastes have caused serious harm to the lakes and rivers. These phenomena are also common in feature films, propaganda on environmental protection. We present a method to simulate the diffusion of biological pollutants on large-scale water surface in this paper. To make the computational resource available in the large-scale simulation, we focus on large patches of aquatic plants and model the interface between the patches and water surface. The dynamic evolution and diffusion of the interface is modeled by physically-based diffusion model. We construct a 2D level set equation to animate the evolution and diffusion of the water pollutants. To handle boundaries in large-scale virtual environment, we use an image-based voxelization method to provide correct boundary condition. Application results of algae diffusion in Taihu Lake show the effectiveness of our method.
Currently, our method only animates the diffusion of biological pollutants on static plane water surface. As for future work, we will extend it to animate the diffusion phenomenon on large-scale complex and dynamic water surface.
